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The temporal dynamics of retention of a context
memory: Something is missing
Jerry W. Rudy1 and Karli Wright-Hardesty
Department of Psychology, Center for Neuroscience, University of Colorado, Boulder, Colorado 80309, USA

We use a variation of contextual fear conditioning, called the context pre-exposure facilitation effect (CPFE) to study
the rat’s memory for context. In this paradigm, the rat is pre-exposed to a conditioning context and later returned
to that context, where it is immediately shocked. The memory context is revealed by the fact that pre-exposure to
the conditioning context, but not to a different context, greatly enhances conditioned fear produced by immediate
shock. We report that rat’s retention of the context memory is a nonmonotonic U-shaped function of the interval
separating pre-exposure and immediate shock. Retention performance decays rapidly so that within 2 min of
pre-exposure there is no evidence that the rat was pre-exposed to the context. Within a few hours, however, a strong
CPFE was observed that persisted for at least 28 d. Two hypotheses are discussed: (1) the descending arm of the U
represents a retrieval failure, and (2) the U-shaped function represents two discontinuous memory processes initiated
in parallel—short-term synaptic changes that are rapidly initiated, but also decay rapidly, and long-term synaptic
processes that take time to generate but can endure for days.

Conventional thinking about memory begins with the idea that
it takes time (hours) for the cellular/molecular events initiated by
a target experience to generate the structural changes in synapses
that are required for a stable long-term memory (LTM). While the
cascade that consolidates the LTM is working to completion,
however, behaviors can be observed that clearly reflect memory
for the target experience. Thus, memory theorists since William
James have entertained the idea that a second memory process
called short-term memory (STM), which contains elements that
can be rapidly assembled into a memory trace, maintains a record
of the experience. This trace can support retrieval and influence
behavior but decays rapidly.

Contemporary support for this multiple trace view has come
from a variety of experiments (see Emptage and Carew 1993;
Rosenzweig et al. 1993; Crow et al. 1997; Izquierdo et al. 2002;
Sutton et al. 2002). A paradigmatic illustration is provided by
several recent experiments in which the protein synthesis inhibi-
tor anisomycin is administered prior to or immediately after a
target experience and the animal is tested at various intervals
following training. Experiments of this type (Bourtchouladze et
al. 1998; Schafe et al. 1999) have revealed that anisomycin im-
pairs performance at long retention intervals (e.g., 24 h) but has
no effect on performance at shorter intervals (e.g., 1–3 h). This
pattern of results has been interpreted to mean that behavior can
be supported by an STM process that does not require protein
synthesis and by an LTM that does. It has also been suggested
that there may be several memory processes with different decay
properties that support retrieval (see Rosenzweig et al. 1993; Iz-
quierdo et al. 2002; Sutton et al. 2002).

Regardless of whether one or more processes support re-
trieval, performance usually decreases monotonically as the re-
tention interval decreases. Assuming there are multiple storage
processes, this monotonic function suggests that their decay
properties are seamlessly interfaced such that before information
has decayed from one process, another process has come on line
to support retrieval of the target experience. So, under normal

conditions one would have little reason to suspect that there are
multiple storage processes contributing to the behavior. Thus,
the concept of multiple memory storage processes with different
decay functions has emerged primarily from experiments in
which the brain has been altered prior to or after the target ex-
perience.

Although the typical retention function is monotonic, even
in the intact organism there have been occasional reports of
“gaps” in this function so that the function is nonmonotonic
(see Kamin 1963; Irwin et al. 1968; Zerbolio 1969; Cherkin 1971;
Messenger 1971; Sanders and Barlow 1971; Riege and Cherkin
1972; Rudy and Morledge 1994; Ploner et al. 1998). Such gaps in
the retention function have been interpreted as a discontinuity
between independent memory processes—information held in
one storage process has decayed before the next trace has ma-
tured to the point that it can support the behavior (Cherkin
1971). However, they have also been interpreted as (1) reflection
of the properties of a single memory trace that is modulated by
other variables (Gold and McGaugh 1975), (2) the result of emo-
tional behavior interfering with performance shortly after train-
ing (Squire 1975), and (3) a retrieval failure (Spear 1971).

One reason that these experiments have permitted so many
alternative interpretations is that, with the exception of the
Ploner et al. (1998) study with people, electric shock was part of
the experience that established the memory. So, in our experi-
ments the target memory-producing experience did not contain
shock, food reinforcement, or any explicit contingency between
the animal’s behavior and some other event. We studied the rat’s
formation of a memory for context. This occurs when it explores a
novel context. By studying this type of memory, if a nonmono-
tonic retention function is found, we could discount the inter-
pretations mentioned above.

We used the context pre-exposure facilitation effect (CPFE)
to study the retention of the context memory. The CPFE derives
from an important observation Fanselow (1990) made when he
analyzed the failure of immediate shock to produce contextual
fear conditioning. If a rat is placed into a context and shocked
immediately, later it will display almost no fear of that context.
However, if it is pre-exposed to the context the day before, im-
mediate shock will produce substantial freezing (Fanselow 1990;
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Westbrook et al. 1994; Rudy and O’Reilly 2001). According to
Fanselow (1990) the reason immediate shock fails to support con-
ditioning is that the rat did not have sufficient time to encode a
representation of the context prior to immediate shock. Thus,
pre-exposure facilitates the amount of conditioning produced by
immediate shock because it allows the rat to establish a memory
of the context before the immediate shock. This memory is then
retrieved prior to the immediate shock by a subset of features that
make up the context (Fanselow 1990) or by cues associated with
transporting the rat to the conditioning chamber (Rudy and
O’Reilly 2001). It is this retrieved memory representation of the
context that is associated with the immediate shock (see Rudy
and O’Reilly 2001; Rudy et al. 2002).

We also have conducted a number of studies that are con-
sistent with the hypothesis that the acquisition, consolidation,
and retrieval of the memory for the pre-exposed context involve
the formation of a conjunctive representation that depends on
the hippocampus (see Rudy et al. 2004). Specifically, the CPFE is
significantly reduced by (1) anterograde damage to the dorsal
hippocampus (DH) (Rudy et al. 2002); (2) post-context exposure
injection of the protein synthesis inhibitor anisomycin into the
DH (Barrientos et al. 2002); (3) inactivation of the DH by the
GABA agonist muscimol prior to context exposure, prior to im-
mediate shock, or prior to testing (Matus-Amat et al. 2004); and
(4) inactivation of the ventral hippocampus (VH) prior to context
exposure or by injection of anisomycin into the VH following
context pre-exposure (Rudy and Matus-Amat 2005). Moreover, in
a previous study (Rudy and Morledge 1994) on the ontogeny of
contextual fear conditioning, we reported data suggesting that
the function relating performance to the retention of a context
memory may be nonmonotonic. Thus, we used the CPFE para-
digm to test the hypothesis that a nonmonotonic retention per-
formance curve could be obtained for an experience that did not
contain shock.

Results

Experiment 1: Retention of the context memory
is a nonmonotonic function of the retention interval
The standard CPFE experiment consists of three phases: (1) pre-
exposure to the context, (2) immediate shock, and (3) test for
conditioned freezing. The retention interval separating pre-
exposure and immediate shock is generally ∼24 h. As noted, pre-
exposure separated from immediate shock by 24 h significantly
increases the amount of conditioning normally produced by im-
mediate shock. However, no one has systematically investigated
the effect of varying the retention interval—the interval between
pre-exposure and immediate shock—on the CPFE. Thus, in experi-

ment 1, all rats received a series of six context exposures, but the
retention interval separating pre-exposure and immediate shock
varied. This pre-exposure procedure was used initially because we
had used it with success in a number of recent experiments (see
Rudy et al. 2002; Matus-Amat et al. 2004). Rats in the immediate
(IMM) condition were shocked without removing them from the
context. For others, the retention interval was either 5 min, 60
min, 6 h, or 24 h. Following the last pre-exposure, the rats in
these conditions were returned to their home cage before being
transported back to the context for immediate shock. Finally, rats
in each condition were tested 24 h after the immediate shock
session.

Figure 1 shows that performance was dramatically influ-
enced by the retention interval. As expected, rats in the IMM
condition and rats in the 24-h retention interval condition dis-
played strong fear to the context. Strong freezing by rats in the
IMM condition is not surprising because they did not have to
retain a memory for the context. This training is a form of de-
layed contextual fear conditioning. Note however, that when
the interval between pre-exposure and shock was only 5 min,
rats displayed almost no freezing, but as this interval increased
so did the amount of freezing. An analysis of variance indicat-
ed that there were significant differences among the groups
(F(4,32) = 13.3, P < 0.001). Post hoc comparisons (P < 0.05) indi-
cated that (1) rats in the 5-min condition froze less than did rats
in all other conditions, (2) rats in the 1-h condition froze less
than did those in the IMM and 24-h condition, and (3) rats in the
6-h condition froze less than did those in the IMM condition.

Experiment 2: Memory for context rapidly
becomes inaccessible
The previous experiment revealed that the memory for context
either is not available or cannot be accessed within 5 min after
the last exposure but that the memory returns to a usable state
over a several-hour period. In experiment 2, we compressed the
retention interval to better determine how quickly the memory
becomes unavailable. The interval separating pre-exposure and
immediate shock was either 5 sec, 30 sec, 2 min, or 24 h. As
shown in Figure 2, rats in the 5-sec and 24-h retention interval
conditions display similarly high levels of freezing, but retention
performance dropped rapidly so that at the 2-min interval rats
displayed almost no freezing. An analysis of variance revealed
differences among the groups (F(3,27) = 6.45, P < 0.002). Post hoc
tests indicated that the 2-min condition differed from all other
conditions (P < 0.05).

Figure 1. The results of experiment 1. Mean percentage of freezing in
the test 24 h following immediate shock as a function of the retention
interval separating context pre-exposure and immediate shock. Bars, SE.

Figure 2. The results of experiment 2. Mean percentage of freezing in
the test 24 h following immediate shock as a function of the retention
interval separating context pre-exposure and immediate shock in experi-
ment 2. Bars, SE.
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Experiments 3 and 4: Does repeated exposure make
the memory trace temporarily inaccessible?
The first two experiments revealed that retention of a context
memory is a U-shaped function of the retention interval. Reten-
tion falls dramatically over the course of 2 min and is still absent
at 5 min, but then it gradually improves over several hours until
24 h when it has recovered to the level exhibited a few seconds
after the immediate shock. Here we consider two interpretations
of this function. The first is that the descending arm of the U-
shaped function is mediated by a memory storage process that
has a rapid decay property and that the ascending arm of the U
reflects the operations of consolidation processes that bind to-
gether the elements of the context experience into a stable
memory trace that can later be retrieved. By this account, the flat
period of the U-shape function reflects a discontinuity in at least
two underlying memory processes, one that supports rapid ac-
quisition but has a rapid decay function, and another that devel-
ops slowly but has a relatively slow decay function. A second
interpretation of the U-shaped function observed in experiments
1 and 2 is that an established memory trace is continuously avail-
able throughout the retention period, but variables embedded in
the procedures render it inaccessible for some period of time
(Spear 1971) by creating some kind of “neural noise.” For ex-
ample, the procedure used to establish the context memory en-
tailed a series of six pre-exposures. It is possible that multiple
pre-exposures per se render the memory trace inaccessible for
some period of time following the last pre-exposure. We con-
ducted two experiments to evaluate this hypothesis.

In experiment 3, we compared rats that received a single
session of multiple exposures to the context with rats that had
two identical sessions of multiple pre-exposures separated by 24
h. All rats received immediate shock 5 min after the last pre-
exposure. An important feature of this experiment was that it
also included rats that received an identical pattern of pre-
exposure but were exposed to a totally different context, a mouse
cage. The inclusion of this control condition allows us to deter-
mine if rats pre-exposed to the conditioning context showed any
benefit of exposure to the conditioning context when the reten-
tion interval was 5 min.

As shown in Figure 3, the rats that received a single session
of six pre-exposures to the context displayed very little freezing.
They did not differ from the single-session control rats exposed
to a different context. In contrast rats that received two sessions
of repeated exposure to the context displayed much more freez-

ing than did their controls that were exposed to a different con-
text. A two-factor analysis of variance revealed a significant in-
teraction between the number of pre-exposure sessions (two ver-
sus one) and the type of exposure (conditioning context versus
control context; F(1,16) = 7.88, P < 0.01. Post hoc analyses indi-
cated that rats exposed twice to the conditioning context differed
from all groups (P < 0.05). No other groups differed.

The results of this experiment allow several conclusions.
First, multiple pre-exposures 5 min prior to immediate shock per
se do not produce the flat part of the U. This is because rats given
two sessions of repeated exposure to the context displayed strong
contextual fear. Second, the performance of the rats in the single-
session pre-exposure group replicates the results reported in the
first two experiments and indicates there was no detectable ben-
efit of exposure to the conditioning context when the retention
interval is 5 min because they did not differ from rats exposed to
a totally different context. Third, however, these results do not
rule out the consolidation hypothesis because it would predict
that given a 24-h interval between pre-exposure and immediate
shock, the memory trace should become consolidated and acces-
sible even if multiple exposures to the context preceded imme-
diate shock. This is what was observed in the two-session expo-
sure condition.

In experiment 4, we used a different approach to evaluate
the role of multiple exposures. Rats were given only one 5-min
exposure to the conditioning context. This was followed by im-
mediate shock 5 min or 24 h later. In this experiment shock was
not strictly immediate. The rats were in the conditioning cham-
ber for 4 sec before shock was delivered. We increased the time
before shock in order to increase the opportunity for the memory
of the pre-exposed context to be retrieved, if indeed it was avail-
able. As shown in Figure 4, rats in the 24-h retention condition
displayed significantly more freezing than did rats in the 5-min
condition (F(1,22) = 7.03, P < 0.01). Thus, even without multiple
pre-exposures, conditioned freezing is markedly depressed at the
5-min retention interval. So multiple pre-exposures are not nec-
essary to produce the effect. Moreover, we failed to find evidence
of a retrieved context memory at the 5-min interval even when
the rats were given 4 sec to retrieve this memory before the
shock.

This experiment also makes another point. Fanselow (1990)
argued that in order for context exposure to facilitate condition-
ing produced by shock, (1) the rat has to acquire the representa-
tion of the context, and (2) this representation has to be retrieved
prior to the shock. Retrieval of the context memory can be
achieved either by some subset of the cues of the context
(Fanselow 1990) or by the transport cues while bringing the rat to
the context (see Rudy and O’Reilly 2001; Rudy et al. 2002).

Figure 3. The results of experiment 3. Mean percentage of freezing in
the test 24 h following immediate shock as a function of the number of
pre-exposure sessions. Bars, SE. A 5-min retention interval separated the
last pre-exposure and immediate shock.

Figure 4. The results of experiment 4. Mean percentage of freezing in
the test 24 h following shock as a function of the retention interval
separating context pre-exposure and shock. Bars, SE.
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In the true immediate shock procedure employed in experi-
ments 1 through 3, the context memory must be retrieved by
transport cues because the rat has no time to sample the context.
So, one might argue that the flat function of the U was due to the
inability of the transport cues to retrieve the context memory at
the 5-min retention interval. In experiment 4, retrieval of the
context memory did not depend on transport cues because the
rat was placed into the context for 4 sec prior to shock, allowing
for some subset of the features of the context to retrieve the
entire context memory. This experience was sufficient to produce
substantial conditioning when the retention interval was 24 h
but not when it was only 5 min. This outcome makes it unlikely
that the flat part of the U is a product of the nature of the re-
trieval experience.

Experiment 5: The memory for context is enduring
The experiments to this point have focused on the rapid decline
in conditioned freezing that is produced by immediate shock
when the retention interval increases from 5 sec to 2–5 min. We
have also examined the effects of context pre-exposure with re-
tention intervals of 7 and 28 d. In each case we compared the
effects of exposure to the conditioning context with exposure to
a novel but different context, a mouse cage. We used the same
series of six exposures and immediate shock employed in experi-
ments 1 through 3. The rats were tested 24 h after immediate
shock. As shown in Figure 5, rats exposed to the conditioning
context display robust freezing at both the 7-d and 28-d interval.
Rats exposed to the mouse cage displayed almost no freezing.
At both retention intervals, the difference between rats exposed
to the context and those exposed to the mouse cage was signifi-
cant: (1) F(1,7) = 68.7, P < 0.001 for the 7-d retention test, and (2)
F(1,10) = 49.4, P < 0.001, for the 28-d retention test. Although
comparing across experiments can be misleading, it is interesting
to note that the levels for freezing obtained in these experiments
were the highest we have observed, suggesting that the memory
for context either continues to strengthen or, at the very least,
shows no sign of weakening.

Discussion
The empirical findings are clear. Conditioned freezing produced
by immediate shock is a nonmonotonic U-shaped function of
the retention interval separating the rat’s exposure to the context
and immediate shock. When that interval is brief, 5 sec, freezing
is robust, but it rapidly declines so that when the interval is 2–5

min there is almost no freezing. This absence of freezing at this
short interval is not a product of a particular pre-exposure pro-
cedure. It occurred when a series of pre-exposures preceded shock
and when only a single exposure was given. It also did not de-
pend on a particular shock procedure; it occurred if shock was
immediate or if it were delayed for 4 sec. Retention performance,
however, improved as the retention interval increased from 1 h
to 6–24 h. Robust freezing was still observed even at retention
intervals of 7 and 28 d.

As noted, early interpretations of such nonmonotonic re-
tention functions assumed that they reflect the discontinuity be-
tween independent memory processes—information held in one
storage process has decayed before the next trace has matured to
the point that it supports the behavior (Cherkin 1971). In build-
ing the case for a dual trace theory, however, Squire (1975) was
quite cautious about this isomorphic mapping of the retention
function onto the separated memory processes. His primary con-
cern was that the training experiences used in the existing litera-
ture contained an emotional event, shock, which could alter the
arousal level and behavioral activity of the animal at the time of
testing in a way that would interfere with test performance. By
extension, this emotional state could also create an internal en-
vironment that might interfere with retrieval of the memory
(Spear 1971). Thus, by these accounts the flat part of the U-
shaped function does not reflect discontinuity between the decay
of one memory process and maturation of a second process.

The target context memory in our experiments, however,
was established as a product of the rat exploring a novel envi-
ronment. The experience did not contain shock. So, to some
extent these results should reduce the worry that the flat part of
the U is simply a performance artifact. Nevertheless, although we
produced no evidence to support the performance/retrieval in-
terpretation (see experiment 3), our experiments do not com-
pletely rule out this possibility.

However, Rudy and Morledge (1994) reported a series of
experiments that did rule out this possibility. They looked at the
retention of conditioned fear in rats 23–35 d old. In these experi-
ments rats were placed into the conditioning context for 2 min
and then shocked. They were tested either immediately, 10 min,
or 1, 3, or 24 h later. The test revealed that performance (freezing)
was also a nonmonotonic U-shaped function of the retention
interval. Strong freezing was seen at the immediate and 24-h
intervals but not at the 10-min or 1- or 3-h intervals. They hy-
pothesized that the increasing portion of the U-shaped function
reflects the time it took the rat to consolidate the representation re-
quired to retrieve the memory of the shocked context. The implication
of this hypothesis was that if rats had already consolidated the
context representation because of pre-exposure, it would be
available for activation at these intermediate tests, and conse-
quently, such rats should not display a freezing deficit when
tested at these retention intervals. In fact, Rudy and Morledge
found that rats pre-exposed to the context displayed much more
conditioned fear than rats not pre-exposed to the context when
the retention interval separating shock and testing was only 10
min. If the failure of the rats to display fear to the context was
simply due to either (1) an emotional state produced by shock that
either masked or prevented the retrieval of fear memory or (2)
post-shock behavioral effects that interfered with testing, then
context pre-exposure should not have rescued performance.
Thus, Rudy and Morledge (1994) concluded that the U-shaped
function seen in the retention of contextual fear conditioning
was the product of a discontinuity between a rapidly decaying
short-term process and the time it takes to construct an LTM rep-
resentation of the context that is then available for retrieval.

If one accepts Rudy and Morledge’s conclusion that reduced
freezing was not due to the rat’s emotional response to shock

Figure 5. The results of experiment 5. Mean percentage of freezing in
the test 24 h following immediate shock as a function retention interval
separating pre-exposure and immediate shock. Bars, SE.
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masking retrieval of the context fear memory at the 10-min re-
tention interval, then there is no reason to believe that the emo-
tional state produced by simply exploring a novel context should
mask retrieval of the context memory during the flat portion of
our U curve. If so, then we would argue that the best interpreta-
tion of our data is that they are a product of a discontinuity
between at least two different processes that can support
memory: (1) synaptic processes that are modified quickly but
have a rapid decay function and (2) synaptic changes that require
time but have a much slower decay function.

We assume that the freezing behavior observed in the as-
cending arm of the U-shaped function (when the retention in-
terval was long) depended on a slow developing consolidated
memory trace. It supports the retrieval of a context memory at
the time of immediate shock that can be associated with the
shock. In contrast, freezing observed when the retention interval
was short (<2 min) was supported by conditioning to a memory
trace established by the pre-exposure experience per se and not to
a memory retrieved at the time of immediate shock. By this ac-
count, the descending arm of the U-shaped function reflects the
decay of this trace.

We know that the rat’s memory for context at the 24-h
retention interval can be blocked by the protein synthesis inhibi-
tor anisomycin injected into either DH or VH following pre-
exposure (Barrientos et al. 2002; Biedenkapp and Rudy 2004;
Rudy et al. 2004). Such a result is usually interpreted to mean that
LTM depends on the synthesis of new proteins. It is possible that
the increasing arm of the U function reflects the time it takes for
the initial protein synthesis-dependent consolidation of the con-
text memory; however, it might also be the case that the initial
increase is not protein synthesis dependent. This intermediate
level of performance might reflect some other modification of
synapses that does not depend on protein synthesis. This will
have to be determined by additional experimentation.

Our account is a version of a multiple-trace theory. Such
accounts raise the question as to whether the target experience
initiates a set of processes that are serially dependent or executed
in parallel (Squire 1975; Izquierdo et al. 2002). A serial arrange-
ment implies that a subsequent process depends on, or is initi-
ated by, the preceding process. The parallel process view argues
that there is no dependency and that the various means by which
the nervous system can store information are initiated simulta-
neously by the target input.

Our experiments cannot discriminate these two views. How-
ever, a critical implication of the parallel view is that there are
manipulations that can impair any putative process, whether it
occurs early or late in relationship to the target experience, while
leaving unaffected any other. Izquierdo and colleagues (1998,
2002) have presented a massive amount of evidence that is con-
sistent with the parallel view of rodent memory processing, and
Emptage and Carew (1993) have presented evidence that this is
also the case in Aplysia neurons mediating synaptic facilitation.
So, based on the existing literature, one would suspect that the
processes mediating memory for context are initiated in parallel.

In conclusion, conditioned freezing produced by immediate
shock is a nonmonotonic U-shaped function of the retention
interval separating context exposure and shock. Thus, nonmono-
tonic retention functions can be observed following training
events that do not contain shock. Although we cannot defini-
tively rule out the possibility that the flat part of the U function
is a performance impairment or a retrieval deficit, when our re-
sults are considered together with those reported by Rudy and
Morledge (1994), a good case can be made that this U function is
a product of a discontinuity between at least two different pro-
cesses that can support memory. Additional experiments will be
needed to determine if we are correct.

Materials and Methods

Subjects
Subjects were adult (73–85 d, 300–375 g) male Long Evans rats
born to animals obtained from Charles Rivers Breeders and bred
at the University of Colorado. Animals were housed two to four
per cage, maintained on a 12-h light/12-h dark cycle (lights on at
6:00 a.m.) at 25°C, and allowed free access to food and water.
Experiments were conducted in accordance with protocols ap-
proved by the University of Colorado Animal Care and Use Com-
mittee.

Apparatus
The conditioning context consisted of an Igloo ice chest (54
L � 30 W � 27 H cm) with a white interior. A speaker and an
activated 6-W clear light bulb were mounted on the ceiling. The
ice chest door remained open across the duration of the experi-
ment. The chest was located in a room that was illuminated by
two 60-W light bulbs. The conditioning chamber (26 � 21 � 24
cm, length � width � height) was located inside the chest and
consisted of clear plastic sides and window screen tops. The 2-sec,
1.5-mA shock was delivered through a removable floor of stain-
less steel rods (Coulbourn Model E63-23-MOD001). Each rod was
0.5 cm in diameter, spaced 1.75 cm center to center, and was
wired to a shock generator and scrambler (Coulbourn Model
H13-16). The chamber was cleaned with water before each ani-
mal was placed inside.

Behavioral procedures

Context pre-exposure
Rats were transported in pairs to the conditioning chamber in a
light-sealed black bucket. Subjects were allowed to freely explore
the context for 5 min and were then transported back to their
home cage where they remained for 20 sec. The pair was again
transported in the above manner and placed in the conditioning
chambers for 40 sec. This procedure was repeated five times. In
total, each animal received an initial context exposure of 5 min
followed by five 40-sec exposures. In experiment 4 there were no
40-sec exposures.

For experiment 3, some of the rats received two pre-
exposure sessions separated by 24 h, and some received the stan-
dard single pre-exposure. Within these two groups, some rats
were exposed to the conditioning chamber (single, n = 4; dou-
ble, n = 6), and the remainder were pre-exposed in an alternate
“control” context consisting of a small, opaque mouse cage
(26 � 16 � 12 cm, length � width � height) located in a dif-
ferent room adjacent to that where conditioning occurred
(single, n = 6; double, n = 6). At the end of pre-exposure, rats
were returned to their home cage until the time of immediate
shock. Throughout the experiment, the lid to the bucket was on
during transport to the chamber but removed during return to
the home cage.

Immediate shock
In experiment 1, the interval between pre-exposure and imme-
diate shock was either 5 min (n = 7), 1 h (n = 8), 6 h (n = 8), 24 h
(n = 7), or immediately following the last 40-sec exposure before
return to the home cage (n = 7). The intervals were 5 sec (animals
were removed from the chamber, placed in the transport bucket
for 5 sec, and returned for shock; n = 8), 30 sec (n = 8), 2 min
(n = 8), or 24 h (n = 7) in experiment 2 and 5 min in experiment
3. In experiment 4, shock occurred either 5 min (n = 12) or 24 h
(n = 12) following pre-exposure, and for experiment 5 the inter-
val was either 7 d or 28 d. Subjects in experiment 5 were exposed
either in the conditioning chamber (7 d, n = 4; 28 d, n = 6), or in
the alternate context (7 d, n = 5; 28 d, n = 6) as described above.
All rats were returned to the home cage following pre-exposure
except when the pre-exposure-shock interval was 5 sec.

At the time of immediate shock, each rat was transported to
the conditioning room in the black bucket with the lid on, placed

Rudy and Wright-Hardesty

176 Learning & Memory
www.learnmem.org



in the context, immediately exposed to a 2-sec, 1.5 mA shock,
and quickly removed and returned to its home cage. This proce-
dure was used for all experiments except experiment 4, where the
rats were placed in the chamber for 4 sec before shock was ad-
ministered.

Testing
Twenty-four hours following immediate shock, subjects were
placed in the conditioning chamber, and contextual fear was
assessed for 6 min. In all experiments, freezing, the rat’s natural
response to anticipated danger (Blanchard et al. 1976), was the
measure of conditioned fear and indicated by the absence of all
movement excluding breathing. By using a sampling procedure,
each rat was judged as either freezing or active every 10th second.
The two behavioral observers had no knowledge of the subject’s
treatment condition, and inter-rater reliability was no <0.97 for
all experiments. Pre-exposure, conditioning, and testing oc-
curred between 7:00 a.m. and 11:30 a.m. in all experiments ex-
cept experiment 1, where rats in the 6-h group were shocked and
tested between 2:00 p.m. and 5:00 p.m.
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